Conventional Portland cements present significant challenges in thermal wells due to a high degree of brittleness, low strength, and inconsistent strength development following set.
INTRODUCTION
Complete and durable zonal isolation is the foremost goal of the cement job [1] . Failed primary All final manuscripts will be sent through an XML markup process that will alter the LAYOUT. This will NOT alter the content in any way. 2 SPE-SPE-178454-MS-MS cement jobs can lead to Sustained Casing Pressure (SCP) and vent flows, which in extreme cases can have disastrous consequences [2, 3] . Well integrity is one of the foremost engineering challenges facing the oil and gas industry that requires additional attention as drilling expands into more demanding environments. Conventional Portland cement systems present a challenge to successful zonal isolation of wells owing to inherent brittleness, limited strength, and low flexibility that can lead to premature failures even in relatively low stress environments. Further, slow development of strength leads to long "waiting-on-cement" [4] times, delaying well completion.
A desirable alternative system would provide greater strength and flexibility along with "ondemand" rapid setting ability. Material systems must meet placement criteria to allow for R Shanbhag, Z Melrose, S Nutt, M Cleveland, and R Keese, "Thermosetting Polymer Based Synthetic Cement for Successful Zonal Isolation in Thermal Wells -a New Approach" Soc Petrol Engrs July (2015). DOI: 10.2118/178454-MS processing and handling using conventional cementing equipment. Thus, the rheological characteristics as well as predictability of set times of alternative cement materials are paramount.
We introduce a new thermosetting polymer based system, called PRSC 100, which has been developed to address the limitations encountered with traditional oil well cements. The system consists of a suspension of reactive and inert fillers in a blend of thermosetting polymers [5] . Upon initiating the polymerization reaction, the material hardens to form a solid cementitious mass. The time required for the thermosetting polymer to gel and solidify at a given temperature can be controlled by the concentration of the initiator in the suspension or slurry. Material formulations were evaluated for basic mechanical properties, rheological characteristics, and setting kinetics. We will describe the relevant performance of the material in the cured state, as well as its slurry form for compatibility with cementing infrastructure and practices used in the industry.
RESULTS AND DISCUSSION

Mechanical Properties
The density of synthetic cement can be modified in the range of 10.0 to 17.0 pounds/gallon (ppg) through the addition of reinforcing fillers such as hollow glass microspheres and heavy ores.
The 12.0 ppg system contained a higher percentage of hollow glass microspheres than the 14.5 ppg variant considered in this study. Mechanical properties of both densities are summarized in Table   1 . The compressive stress vs. strain plots of the 14.5 and 12.0 ppg systems respectively are shown in Fig. 1a and Fig. 1b . Tests were conducted in accordance with ASTM C39-12a with a displacement rate of 0.1 inch/ minute. The Poisson's ratio of this sample was determined using Digital Image Correlation (DIC) using images of the sample recorded during loading. The R Shanbhag, Z Melrose, S Nutt, M Cleveland, and R Keese, "Thermosetting Polymer Based Synthetic Cement for Successful Zonal Isolation in Thermal Wells -a New Approach" Soc Petrol Engrs July (2015). DOI: 10.2118/178454-MS displacements and consequent strains were calculated along the principal axes. Care was taken to ensure that only displacements during elastic deformation were used. Poisson's ratios of 0.30 and 0.27 for the 14.5 and 12.0 ppg systems respectively are much larger than the value of 0.15 associated with traditional cements [6, 7] . deformation. As would be expected with the same ultimate stress and a higher modulus, the strain to failure is much lower [8] . and not in brittle materials such as cement [9] . The strains are fully recoverable until the material reaches ultimate compressive strength. Also, failure beyond the ultimate compressive strength was gradual rather than sudden and catastrophic, occasioned by the appearance of multiple cracks parallel to the loading axis where circumferential tensile stresses arise normal to the loading axis.
This observation is consonant with a tensile strength less than compressive strength, as observed.
Note that higher elastic strains (i.e. low modulus and high failure stress) and ductility in the material would prove to be advantageous in a casing material, especially in thermal wells. A further study of failure mechanics of the PRSC system is warranted.
Fig. 2-PRSC under a compressive load
The splitting tensile stress vs. displacement results for the 14. Based on these results, it is evident that while modifying the density using glass microspheres has minimal effect on the ultimate compressive strength, there is significant effect on the elastic modulus and consequently, the strain to failure. Since flexibility is an important criterion for 
Rheological Behavior
Values of the 14.5 ppg slurry at 120°F in an Ofite viscometer with R1B5 geometry are reported in Table 2 . The data was analyzed in accordance with American Petroleum Institute (API)
Recommended Practice 10B [12] . Shear stress was plotted as a function of shear rate obtained from rotational speeds. Analysis of the data revealed two trends: The presence of a yield stress below which γ̇ →0
Shear thinning behavior  The fluid must be Newtonian or near-Newtonian  Bob gap must be at least 10 times the diameter of the largest particle  There must be no plug flow, thus leading to a uniform change in shear rate across the gap None of these criteria are satisfied with the slurry and test set-up. The slurry is highly pseudoplastic (i.e. viscosity decreases with shear rate) and thixotropic (i.e. viscosity decreases as a function of time at constant shear rate) and thus non-Newtonian. Further, the slurry contains suspended filler particles up to 1000 μm in diameter, whereas with the gap size of 1.17 mm in an R1B5 geometry, only slurries with particle sizes up to 120 μm may be considered homogeneous [14] .
Finally, there was evidence of de-homogenization as well as of plug flow in the slurry upon completion of the test. This might be attributed to adhesion between the slurry and the surface of the bob as well as that of the rotor. Alternately, the large particle sizes may be interfering with the development of a shear rate gradient across the cross section of the fluid. Particle migration to one side of the cup interferes with the establishment of a clear relationship between shear stress and shear rate [15] . Appropriate methods for determining the rheological characteristics of the material are needed, as standard oilfield equipment is more suitable for water based cement suspensions and may not be appropriate for this purpose. 
Cure Kinetics
Sensitivity of thickening time to variations in BHCT and initiator concentrations was
determined. The material was tested at BHCTs of 100°F and 115°F with 1.9, 2.1, and 2.3 parts initiator or "kicker"/ 300 parts slurry and it was observed that a 10% change in initiator concentration has an effect of less than an hour on the thickening time. Fig. 6a and Fig. 6b show the consistometer readings and the results are listed in Table 3 . Setting time is defined as the time to achieve gelation and peak temperature or peak exotherm, whence the material rapidly changes from liquid to solid state. The setting time of the material correlates to the thickening time and is longer than the latter. The PRSC system hardens by a free radical polymerization reaction and the setting time can be determined by plotting the temperature of the material. As the polymerization reaction approaches conclusion, there is a rapid rise in temperature. This temperature rise speeds up monomer consumption and leads to a rapid development of strength, defined as auto-acceleration [17, 18] . Fig. 7 shows a plot of the temperature of the "initiated" slurry in a 90°F environment. The peak exotherm corresponds with the development of strength. calorimeter can be used to correlate residual enthalpy to strength development at given bottom hole condition [20] We assert that this method will yield a reliable estimation of strength development as a function of time. The relationship amongst the change in viscosity, gelation, and strength development warrants further study to establish simple testing protocols appropriate for this material. In conclusion, laboratory testing and the yard trial performed in Bakersfield, California pave the way for future implementation of the synthetic cement system in a well trial. Operationally, the system was able to be executed in a safe, effective manner using equipment available worldwide.
Yard Trial
The batch mixer was proven to be able to appropriately mix the Part B activator in a reasonable amount of time for operations.
CONCLUSION
PRSC mechanical properties hold promise as a solution to several zonal isolation challenges, especially in wells with dynamic thermal and mechanical loads. The flexibility of the material (low modulus and high strain-to-failure), combined with its high strength makes it an attractive alternative to traditional Portland cement in wells that involve dynamic loads and earth movement.
The chemical inertness of the material, especially to CO2, acids, minerals, oils, and alkalis is an attractive attribute that will impart long-term durability. The rheological properties are suitable for large-scale deployment using conventional cementing equipment readily available in oilfields.
Also, the set on demand properties with a right angle set and rapid development of strength are of importance when "waiting-oncement" incurs substantial costs, such as in offshore wells. Future applications for the polymer slurry include well remediation and lost circulation prevention.
Work is in progress to more thoroughly characterize the rheological properties of the slurry.
Standard oilfield viscometers are designed for near-Newtonian fluids and thus overestimate both the shear stresses as well as the power law exponent for this material. Creep and fatigue behavior of the material, also under evaluation at the time of this publication, will help determine longevity. 
